Purpose Prior studies have reported improved gait performance and kinematics after total ankle arthroplasty (TAR) compared to ankle arthrodesis (AAD). Given these findings, AAD has been primarily considered as a salvage procedure that may lead to adjacent joint degeneration. Methods A total of 101 TAR and 40 screw arthrodeses were enrolled in a retrospective study with a prospectively designed follow-up examination that included gait analysis and outcome assessment with the AOFAS hindfoot score and FAOS questionnaire. Results Significant asymmetry in gait and reduced range of motion compared to normal remained after both procedures. Subjective outcome improved after both procedures, and pain was significantly better after TAR. Limited functional gains after TAR and joint degeneration to the same degree after both procedures was seen in the mid-term. Hindfoot fusion seemed to have a greater impact on postoperative function than ankle arthrodesis. Conclusion Considering only minor functional gains of TAR compared to AAD the implantation of current TAR designs in large patient series may be questioned.
Introduction
Ankle arthrodesis (AAD) for treatment of ankle osteoarthritis was reported to relieve pain and improve function, but was still considered a salvage procedure that caused alterations in gait [1] , a significant decrease of the sagittal plane motion of the hindfoot [2] and a shift of the ground reaction force [3] . Furthermore, premature deterioration of other foot joints with substantial arthritic changes was found in the foot as a long-term result [4] . On the other hand, significant improvements including subjective outcome, more normal ankle function, gait kinematics and gait kinetics were observed following total ankle replacement (TAR) [5, 6] . In cadaveric studies it was suggested that modern prosthetic designs are even able to achieve close to normal kinematics [7] . Since kinematic models vary, direct comparison of functional results and their impact on clinical outcome is necessary to identify potential advantages of one method over another. A few studies have directly compared the effects of TAR against AAD, showing improvement after both procedures and a more natural ankle joint function after TAR [8] [9] [10] [11] . Those studies however have only limited numbers of patients and short observation periods. Therefore, the aim of the present study was to compare radiological, subjective, and functional outcomes of a larger consecutive patient series after TAR and AAD. It was hypothesized that patients with TAR would show improved gait patterns compared to AAD patients after a longer observation period, theoretically related to protection of adjacent hindfoot joints from premature degeneration due to improved ankle range-ofmotion in TAR.
Patients and methods
All consecutive patients that had undergone AAD or TAR between January 2000 and December 2012 entered into the study. The Hintegra® TAR (Newdeal, Lyon, France) was used in all cases. Investigations included a radiographic analysis of the adjacent joints with regard to osteoarthritis progression, a standardised clinical investigation, assessment of subjective outcome with the AOFAS (American Orthopaedic Foot and Ankle Society), FAOS (Foot and Ankle Outcome Score) and VAS (visual analogue scale), an instrumented gait analysis and a detailed retrospective analysis of medical records. The local ethical board approved the project and all participating patients provided informed consent prior to participation.
Patients
One-hundred-one TAR and 40 AAD patients were identified. Patients were excluded if they had diagnoses other than primary or posttraumatic osteoarthritis, fixation other than screw arthrodeses, a follow-up (FU) period of less than six months and revision surgery following the definition of Henricson et al. [12] . Hence, gait analysis was performed in 52 patients after TAR and in ten patients after AAD, with 14 of the 52 TAR patients also receiving an arthrodesis of the hindfoot (HFA). None of the ten patients receiving gait analysis after AAD had an additional hindfoot fusion. An additional 16 patients (62 total after TAR, 16 total after AAD) took part in the clinical investigation including the questionnaires. It was assumed that an arthrodesis of one or more of the three hindfoot joints (TN talo-navicular, CC calcaneo-cuboideal, ST subtalar joint) would lead to a blockade of the hindfoot movement, therefore these patients were analysed as a consistent group. Subsequently three groups of patients were analysed: (1) TAR without hindfoot arthrodesis (TARalone), (2) TAR with arthrodesis of one or more hindfoot joints (TAR-HFA) and (3) patients with AAD.
Gait analysis
Sixteen retro-reflective spherical surface markers were placed according to conventional gait model description [13] . Patients walked a 9.5-metre walkway at their self selected walking speed. Marker trajectories were recorded using a six camera Vicon V460 system at 120Hz (Vicon, Oxford, UK). Anterio-posterior, medio-lateral and vertical ground reaction forces (GRF) were recorded with a biomechanical force platform (AMTI OR6-7-1000, Watertown, MA) embedded in the walkway. Data were collected and analysed using the Vicon workstation V4.6 and polygon, multimedia reporting software including the plug-in gait model (version V3.1). Temporalspatial measurements included gait velocity, cadence, stride length, step length for operative and non-operative side, double support as a percentage of the gait cycle and limp index (total support time (single+double) for ipsilateral foot divided by the total support time for the contralateral foot; equal to unity for a symmetric gait). Joint kinematics were measured ten times per patient and included sagittal plane range of motion of hip, knee and ankle joint and frontal plane measurement of pelvic obliquity, frontal hip and knee angle. Kinetic parameters were calculated for sagittal hip, knee and ankle moments as well as frontal hip, knee and ankle moments.
Clinical examination and questionnaires
A standardised clinical exam including range of motion (RoM) measurement was performed by use of a goniometer aligned to the longitudinal axis of the shank and the plantar pedis of the hindfoot. The examining surgeon also analysed the patient according to the AOFAS hindfoot scale. Selfreported assessment of symptoms, stiffness, pain, function, activities of daily living, quality of life, sports and recreational activities were recorded with the FAOS by the patients alone. Pain was quantified with the VAS scale. Additionally, preoperative status was retrieved with use of the FAOS and VAS.
Radiological analysis
Standard AP and lateral X-rays of the ankle joint and foot were taken in a standing position pre-operatively and at each routine follow-up examination including the recent examination. All patients with a minimum radiological follow-up of six months were included. Twenty-three of the remaining patients from the TAR group and six patients from the AAD group had a hindfoot fusion before or at the time of the index operation. Hence, a total series of 55 TAR patients and 22 AAD patients were enrolled in the radiological analysis of degenerative changes of the adjacent joints (CC, TN, ST). They were graded for both groups according to the fives scales of the Kellgren and Lawrence radiographic criteria for assessment of osteoarthritis [14] pre-operatively and at last follow-up.
Statistics
Due to the small sample sizes and skewed distribution nonparametric tests were chosen for analyses. Statistical analysis was performed with the SPSS 20.0 statistical software package (IBM Corporation, Armond, NY, USA). Quantitative, normally distributed variables are described as mean and standard deviation. In cases with two independent samples the Mann-Whitney U-test was chosen. For dependent samples the Wilcoxon test for paired samples was used. Chi-square tests were used to check two nominal variables for independence. For correlations either Pearson or Spearman correlation coefficients were used, depending on whether the variables involved were normally distributed or not. In cases where more than two independent groups were compared, the Kruskal-Wallis H-test was used. We chose a significance level of 0.05.
Results

Gait analysis
Temporal-spatial analysis (Table 1) did not show significant differences in cadence, stride length or walking velocity between AAD and both TAR groups, indicating all three procedures had the same overall effect on gait performance. The limp index was significantly smaller on the operated side compared to the non-operated side for all groups, suggesting a shorter stance time on the operated side using each procedure. Single support time was longer for the non-operated side in all groups, but less asymmetric after both TAR procedures.
Step length was significantly longer for the operated side after TAR-alone, but not for TAR-HFA or AAD patients. While all groups showed temporal-spatial asymmetry, the asymmetry was greater in arthrodesis patients.
Kinematic analysis (Table 2) showed a significant difference between the three procedures on the operated side in total ankle RoM, minimum knee flexion angle, knee flexion at initial contact, and minimum knee extension moment in stance. Sagittal ankle RoM was significantly reduced on the operated side after all procedures, but to the highest amount after AAD. AAD also led to significantly less knee flexion throughout stance period on the operated side, specifically at initial contact, toe off and at the point of minimum knee flexion in stance. For AAD there was also a significantly greater knee RoM during the gait cycle, and a significantly lower maximum ankle dorsiflexion in stance on the operative side compared to the non-operated side. Significant differences in these same kinematic variables were not seen in either TAR group, except that there was significantly lower maximum dorsiflexion in stance in the TAR alone group on the operative side. For the kinetic variables the TAR-alone group showed a slightly reduced knee extension moment minimum on the operative side compared to the non-operative side and a reduced maximum ankle plantar-flexor moment.
Clinical examination and questionnaires
Mean clinical ankle RoM did not differ significantly preoperatively between TAR-alone, TAR-HFA and AAD patients (27.5 vs. 26.9 vs. 25.6 degrees, p=0.87). Mean postoperative RoM was significantly worse for TAR-HFA compared to TAR-alone (19.4°vs. 27.3, p=0.03) but did not differ from the pre-operative status in the TAR-alone group. There was however a significant linear correlation between preoperative RoM and the difference to the postoperative status for both TAR groups, illustrating that patients with a higher pre-operative joint mobility lost motion whereas patients with lower pre-operative RoM gained motion (Fig. 1) .
Mean global AOFAS outcome score did not differ between the three groups postoperatively. The TAR-alone group showed a significant better outcome with regard to the AOFAS-function subscore compared to the TAR-HFA and AAD groups. There were no significant statistical differences between the three groups for the subgroups pain and alignment. Assessment of pain with the VAS revealed significant improvement of pain without differences between the three groups pre-and postoperatively. Patients' self reported symptoms, activity of daily living, sports and quality of life improved significantly after both interventions, again without significant differences between the three groups. Only selfreported pain assessed with the FAOS revealed significantly less pain pre-operatively for AAD patients and a significant better outcome after TAR (Table 3) .
Radiological analysis
An increase of one or more scales in the adjacent joints around the ankle according to the Kellgren and Lawrence criteria [14] was seen in 80.7 % of TAR patients after a mean observation period of 4.2 (±2.03) years and 64.9 % of the AAD patients after 3.4 (±3.67) years. CC-degeneration was seen in 27.7 % after TAR and 17.1 % after AAD. TN-degeneration was seen in 49.9 % vs. 34.3 % of the patients and ST-degeneration was found in 53.1 % vs. 48.7 %, respectively. Those differences were not significant (Fisher's exact test: for CC=0.2, TN= 0.06, ST=0.82). An increase of degeneration with time was clearly seen as well after TAR as after AAD.
Discussion
Patients in both the arthrodesis and arthroplasty groups reportedly improve in various parameters of gait when compared with their own pre-operative function [7, 8] . For joint replacement it was suggested that functional results may approximate those of healthy subjects [7] , which seemed to be the most powerful arguments for the choice of an arthroplasty in comparison to an arthrodesis despite higher complication and reoperation rates [15, 16] . Nevertheless, comparative studies showed that neither group functioned as well as normal subjects [8, 9, 11, 17] .
Although the design of modern TAR systems is meant to theoretically allow a normal RoM [7] , no improvement of total postoperative RoM compared to pre-operative values was seen in our TAR-alone patients and also reported in other studies with mean values between 24 and 28 degrees, respectively [18, 19] . Hindfoot fusion led to a significantly worse clinically assessed RoM after TAR in our patient series. Excluding those patients, the Hintegra® implant showed a mean postoperative RoM of 27°which correlated significantly with symptoms, sports and pain. The motion of the normal ankle joint in the sagittal plane averages 70°of motion, but during the stance phase of the gait cycle RoM is said to be limited to 25° [20] . In our patient series mean ankle RoM as assessed with gait analysis was 17°after TAR and 12°for AAD patients. Similar ankle RoM was reported by Singer et al. who concluded that dorsal ankle motion in the sagittal plane was primarily responsible for better gait patterns after TAR [17] . This slight improvement in ankle RoM after TAR also appears associated with increased knee flexion in stance compared to AAD. Similar to an earlier study, sign of knee hyperextension at terminal stance was also seen in the AAD group in this study [20] . Compensatory motion at the subtalar and midtarsal joints contribute to the amount of ankle dorsiflexion obtained by goniometric measurements and gait analysis [21] and RoM even seems to increase with time after arthrodesis [22] . A compensatory increase of the combined subtalar and medial column motion of 11 % was reported with time after tibiotalar fusion, which also had a positive association of quality of life with increased compensatory motion of the hindfoot and midfoot [22] . In our study, the TAR-alone group showed a significant better outcome of the AOFAS-function subscore compared to the TAR-HFA and AAD groups. These results may indicate that a fusion of the hindfoot has a greater impact on function than fusion of the ankle joint.
Impact of ankle fusion on gait is hyperextension of the knee and increased stress on the adjacent hindfoot joints that might enhance osteoarthritic changes of those joints [20] , which is one major argument for implantation of TAR. A clearly increased degeneration of the adjacent joints with time was seen in our patients after AAD but also after TAR in the medium-term without significant differences between the two groups. Deterioration of the arthritic changes in the subtalar joint was already previously reported in 15 % of patients five years after TAR [23] . At a mean follow up of nine years after arthrodesis, progressive osteoarthritis of the contiguous joints was also appreciated in other studies, however rarely becoming symptomatic in these patients [24] . It has not yet been shown that long-term results after ankle replacement are superior with regard to adjacent joint Values are given as mean ±SD. TAR-alone op=patients after total ankle replacement alone at the operated side; TAR-alone nop=patients after TAR alone at the non-operated side; TAR-HFA op=patients after total ankle replacement and hind-foot arthrodesis at the operated side; TAR-HFA nop=patients after TAR and hind-foot arthrodesis at the non-operated side; AAD op=patients after ankle arthrodesis at the operated side; AAD nop=patients after ankle arthrodesis at the non-operated side Values are given as mean ±SD. TAR-alone op=patients after total ankle replacement alone at the operated side; TAR-alone nop=patients after TAR alone at the non-operated side; TAR-HFA op=patients after total ankle replacement and hind-foot arthrodesis at the operated side; TAR-HFA nop=patients after TAR and hind-foot arthrodesis at the non-operated side; AAD op=patients after ankle arthrodesis at the operated side; AAD nop=patients after ankle arthrodesis at the non-operated side degeneration, which might also be seen as a long-term complication after joint replacement. This is to our knowledge the largest study comparing functional and radiological results after TAR and AAD in the literature. It is furthermore the first study analysing the effect of hindfoot fusion on gait of patients with TAR. There are however several weaknesses of this study. Pre-operative gait analysis data are missing and it is unclear whether baseline measurements were comparable between the two groups.
The treatment groups were not randomised and the minimal differences between the two treatment groups may therefore be underestimated. Pre-operative FAOS was obtained after elective surgery, which was believed to be a poor predictor of the patient's pre-operative condition and to overestimate the benefit of surgery. This however is the case for both procedures and has no impact on the main messages of the present study, namely, the remaining implications on gait after both procedures and challenging the rationale of the implantation Fig. 1 Linear correlation between pre-operative RoM and the difference to the postoperative status of present ankle designs such as prevention of osteoarthritis of the adjacent hindfoot joints. Taking into account the comparably high revision rates of approximately 10 % at five years [25] and the limited functional gains after TAR as highlighted in our study, further use of those implants in large patient series should be reconsidered. Further studies are needed comparing functional results and osteoarthritic changes of the adjacent joints after TAR and AAD in the long term. As a consequence of this study, the rate of ankle replacements versus arthrodeses dropped significantly at our institution, especially in the younger patients.
